ABSTRACT Switchgrass, Panicum virgatum L., is being developed as a bioenergy feedstock. The potential for large-scale production has encouraged its evaluation as a host for important grass pests. Eight no-choice studies were performed for two developmental stages of two switchgrass cultivars (ÔKanlowÕ and ÔSummerÕ) and two experimental strains, KϫS, and SϫK produced by reciprocal mating of these cultivars followed by selection for high yield. Plants were evaluated for host suitability and damage differences to herbivory by four important cereal aphids, Sipha flava (Forbes), Schizaphis graminum (Rondani) (biotype I), Rhopalosiphum padi (L.), and Diuraphis noxia (Mordvilko). All switchgrasses were found to be unsuitable feeding and reproductive hosts to R. padi and D. noxia, which were unable to establish on the plants. However, both S. flava and S. graminum were able to establish on all switchgrasses tested. Differential levels of resistance to S. flava and S. graminum were detected among the switchgrasses by both cumulative aphid days (CAD) and plant damage ratings. Kanlow was consistently rated as highly resistant based on CAD and damage ratings for both aphid species, while Summer was consistently among the most susceptible to both aphids at both developmental stages, with relatively high damage ratings. The resistance of the KϫS and SϫK populations in relationship to their Summer and Kanlow parents indicted that they inherited some resistance to S. graminum and S. flava from their Kanlow parent. These studies provide valuable baseline information concerning the host suitability of switchgrass to four cereal aphids and the plantÐinsect interactions within a system that has been largely overlooked and indicate that there are genetic differences among switchgrass populations for resistance to some insects.
One approach to improving the overall energy economy of the United States is through the production of energy from plant-based products, or biofuels (Parrish and Fike 2005) . The Biomass Research and Development Technical Advisory Committee, under the Biomass Research and Development Act of 2000, established the goal of replacing 30% of the United States petroleum consumption with biomass-derived energy by the year 2030 (Perlack et al. 2005 ). However, biomass currently supplies about 4% of the total energy consumption in the United States, producing Ͼ4 quadrillion Btu of energy in 2011 (USÐEIA [U.S. Department of EnergyÐEnergy Information Administration] 2012). As the push for the development of efÞcient and sustainable biofuel crops continues, switchgrass (Panicum virgatum L.) has been identiÞed as a model herbaceous biomass crop (Vogel 1996 , Vogel et al. 2002 .
Switchgrass is a perennial, polyploid, warm-season grass native to tallgrass prairies of North America, east of the Rocky Mountains (Vogel 2004; Mitchell et al. 2008 Mitchell et al. , 2012 . Because of its relatively broad geographic distribution, switchgrass has evolved into multiple diverse populations resulting in signiÞcant natural variation, morphological diversity, and ploidy levels (Vogel et al. 2011 , Zalapa et al. 2011 , Lu et al. 2013 . Further, switchgrass is characterized by two distinct ecotypes, lowland and upland, distinguishable based on chloroplastic markers (Hultquist et al. 1997 , Young et al. 2012 . Lowland ecotypes are generally taller, coarser, adapted for growth in ßood plains, and exhibit considerably greater yield potential as opposed to upland ecotypes. Further, hybrids between certain upland and lowland tetraploid populations display heterosis for biomass yields (Martinez-Reyna and Vogel 2008) . In their native habitat, many warm-season grasses generally appear to be relatively pest free, resulting in the common belief that switchgrass will require few insect pest management practices (Moser et al. 2004, Parrish and Fike 2005) . As a result, despite the attention switchgrass has received in recent years for its development as biomass feedstock, potential insect pests have been largely ignored.
Although current knowledge of potential insect pest of switchgrass populations being developed for biomass production is lacking, previous work suggests that insect pests will emerge, particularly as production is increased in monoculture settings , Prasifka et al. 2010 . Fall armyworm, Spodoptera frugiperda (J.E. Smith), and armyworm, Mythimna unipuncta (Haworth), have both been demonstrated to complete development on switchgrass; however, in both cases development was delayed relative to corn (Prasifka et al. 2009 (Prasifka et al. , 2011a . The stemboring moths, Papaipema nebris (Guené e) and Haimbachia albescens Capps, have also been documented in switchgrass recently (Prasifka et al. 2011b) , while a Þfth moth, Blastobasis repartella (Dietz), appears to be a monophagous stem-borer restricted to switchgrass , Prasifka et al. 2010 . The recent rediscovery of B. repartella, which appears to be relatively common in switchgrass, is particularly interesting and suggests a lack of knowledge of the insect fauna associated with switchgrass rather than the absence of insect pests, which has generally been assumed . Grasshoppers (Acrididae) have also been anecdotally documented as defoliators of switchgrass (Vogel 2004, Parrish and Fike 2005) .
Likewise, few studies to date have examined insects with piercing-sucking mouth parts on switchgrass. Kindler and Dalrymple (1999) noted the development and reproduction of yellow sugarcane aphid, Sipha flava (Forbes), on various warm-and cool-season grasses including switchgrass. However, another study with S. flava, noted that a switchgrass cultivar, ÔAlamoÕ, was one of the most resistant of all grass species tested in Hawaii (Miyasaka et al. 2007 ). In addition, a screen of various grasses showed that switchgrass was a very inefÞcient or nonhost for the English grain aphid, Sitobion avenae (F.) and the apple grain aphid, Rhopalosiphum oxyacanthae (Schrank) (Coon 1959) . Kieckhefer (1984) evaluated the preference and reproduction of Schizaphis graminum (Rondani), Rhopalosiphum padi (L.), Rhopalosiphum maidis (Fitch), and S. avenae on warm-season grasses, Þnding none of the aphids reproduced successfully on mature switchgrass, while only R. padi had moderate reproductive success on seedling stage switchgrass. Finally, Burd et al. (2012) tested several switchgrass cultivars to a variety of aphids, demonstrating that S. graminum (biotypes I and Florida), R. padi, R. maidis, and S. flava all established on the switchgrasses tested (Burd et al. 2012) . However, conßicting information seems to be present in these few characterizations, while thorough studies addressing aphids as potential pests of switchgrass are lacking. Therefore, with such limited information on potential insect pests of switchgrass, additional studies are needed to help bridge the gap in our knowledge of the plantÐinsect interactions within switchgrass.
In addition, to develop sustainable biomass yields from switchgrass, effective insect pest management strategies will be essential. Accordingly, plant resistance is likely to become one of the most effective and sustainable strategies for controlling insect pests affecting switchgrass (Dowd and Johnson 2009) . Insectresistant cultivars may be able to produce high yields by either negatively affecting the biology and behavior of the insect, or by tolerating the injury of the insect pest. In this study, we evaluated selected switchgrass populations for susceptibility to four potential aphid pests S. flava, S. graminum, R. padi, and Diuraphis noxia (Mordvilko), to determine host suitability and plant damage differences.
Materials and Methods
Plant Material. All screening studies consisted of two cultivars and two experimental strains. ÔKanlowÕ is a lowland-tetraploid population that originated from switchgrass collected near Wetumka, OK (Alderson and Sharp 1994, Vogel and . ÔSummerÕ is an upland-tetraploid population, derived from plants collected near Nebraska City, NE (Alderson and Sharp 1994, Vogel and . The two experimental strains, KϫS HP1 C1 High Yield and SϫK HP1 C1 High Yield strains, were produced by reciprocal matings between Kanlow and Summer plants, followed by selection among the F1 progeny for winter survival and vigor, and followed by two generations of random mating to stabilize the populations and then one generation of selection for seedling vigor at 6 wk after planting and high biomass yields. These experimental strains, which will be referred to hereafter as KϫS and SϫK, were developed by Dr. Kenneth Vogel, USDAÐARS, Lincoln, NE, who also provided seed of the cultivars. Summer plants were the seed parents for the KϫS population while Kanlow plants were the seed parents of the SϫK populations.
Plants Screening Studies. Screening Studies 1, 2, 3, and 4. Four screening studies were performed to assess host suitability of four switchgrass populations (Kanlow, Summer, KϫS, and SϫK) to S. graminum (screens 1 and 2) and S. flava (screens 3 and 4) at two host developmental stages (second and Þfth leaf stage). For screens involving S. graminum, the susceptible sorghum BCK60, was included in a similar developmental stage to provide a control and a relative comparison of the success of the aphids with a well-known standard. Similarly, a barley cultivar, Haxby, was included for all screens with S. flava for the same purpose. The experimental design was a completely randomized design with 10 replicates per population per screen. Five apterous, adult aphids were transferred to each plant with a Þne paintbrush, and then caged with tubular plastic cages (4 cm in diameter by 46 cm in height) with vents covered with organdy fabric to conÞne the aphids. After aphid introduction, plants were maintained in a greenhouse at 25 Ϯ 7ЊC and a photoperiod of 16:8 (L:D) h. Plants were evaluated twice weekly by counting the total number of aphids and performing a visual damage rating on a 1Ð5 scale. Damage ratings served as a visual assessment of the injury sustained to the plant by aphid feeding (Smith et al. 1994 ). The damage rating scale was adopted from Heng-Moss et al. (2002) , where 1 ϭ 10% or less of the leaf area damaged; 2 ϭ 11Ð30% of the leaf area damaged; 3 ϭ 31Ð50% of the leaf area damaged; 4 ϭ 51Ð70% of the leaf area damaged; and 5 ϭ 71% or more of the leaf area damaged and the plant near death. Plant damage was characterized by chlorosis, a reddish discoloration, or desiccation of the leaf. Experiments were terminated once the mean damage rating reached 4 for any given population, or when aphid numbers and damage ratings plateaued across all populations of switchgrass.
To better describe aphid injury over time, cumulative aphid days were derived from the aphid counts. Cumulative aphid days (CAD) were calculated using the following formula: , here N i is the total number of aphids on a plant at a given evaluation date i, N iϩ1 is the total number of aphids on same plant on the subsequent evaluation date, and T is the number of days between the two evaluation dates (HanaÞ et al. 1989) . To further characterize damage ratings, populations were grouped into one of four levels of resistance: highly susceptible (HS, mean damage ratings Ն4); moderately susceptible (MS, mean damage ratings Ն3 but Ͻ4); moderately resistant (MR, mean damage ratings Ն2 but Ͻ3); and highly resistant (HR, mean damage ratings Ͻ2; Heng- Moss et al. 2002 , Pierson et al. 2010 .
Screening Studies 5, 6, 7, and 8 . Four additional screens measured the host suitability of the same switchgrass populations to D. noxia (screens 5 and 6) and R. padi (screens 7 and 8). Methods as previously described for S. graminum and S. flava were attempted; however, efforts to establish D. noxia and R. padi on the switchgrass populations were unsuccessful. Thus, to conÞrm switchgrass as a nonfeeding and reproductive host for D. noxia and R. padi, methods were adjusted to assess aphid fecundity over a shorter period of 5 d. Plants were evaluated in the same developmental stages as screening studies 1Ð 4, with the barley cultivar, Haxby, serving as the control for all screens involving D. noxia and R. padi. The experimental design was a completely randomized design with 10 replicates per population per screen. Small clip cages were made with two, heavy duty, double-stick foam tape squares (25.4 by 25.4 by 1.5 mm; 3M Co., St. Paul, MN). Two foam tape squares were placed together to provide additional depth, and holes, 1.6 cm in diameter, were cut in the center of the squares. Square cages were then stuck to a leaf and a small organdy fabric square placed opposite the square cage on the leaf to seal one side. The square cage was infested with 10 apterous, adult aphids, and organdy fabric placed over the top half to completely seal the cage. After 5 d, the cages were opened and both adult aphids and nymphs were counted to assess survival and reproduction. Notes were made of evidence of localized damage within the cage.
Statistical Analysis. Generalized linear mixed model analyses (PROC GLIMMIX, SAS Institute 2008) were conducted for all aphid counts to measure population differences. The effect each population of switchgrass had on the cumulative aphid days was determined using square root transformed data to meet the assumptions of the generalized linear mixed model analysis. Where appropriate, means were separated using Fisher protected least signiÞcant difference (LSD) procedure (␣ ϭ 0.05). Nonparametric analyses were performed for all damage ratings, using a ranks based procedure. Although mean damage ratings were not included in statistical analyses, means of damage ratings are reported throughout the article to provide a more meaningful representation of the data.
Results
Screening Studies. Screening Studies 1 and 2. Significant differences were found for CAD among the populations of switchgrass in both the second and Þfth leaf stages for S. graminum (Table 1 ; screen 1 CAD: F ϭ 32.28; df ϭ 3, 36; P Ͻ 0.0001; screen 2 CAD: F ϭ 5.89; df ϭ 3, 33; P ϭ 0.003). Further, the relative ranking for all four populations of switchgrass was similar for both the second (screen 1) and Þfth (screen 2) leaf stages with respect to CAD. In the second leaf stage, KϫS had the highest CAD (ϮSEM) response, with a value of 1,582.6 Ϯ 301.9, which was at least 10-fold greater than all other switchgrass populations. However, Summer, SϫK, and Kanlow were not signiÞcantly different in the second leaf stage. In the Þfth leaf stage, KϫS, SϫK, and Summer were all statistically similar with relatively high CADs; however, Kanlow was signiÞ-cantly lower than all other populations with a CAD (ϮSEM) of 212.6 Ϯ 210.4. At the Þfth leaf stage, KϫS, SϫK, and Summer all had a CAD value Ͼ10-fold greater than Kanlow. Both Summer and SϫK were characterized by a relatively low CAD in the second leaf stage and high CAD in the Þfth leaf stage. Sorghum supported large densities of aphids in both the early and late developmental stage with mean CADÕs (ϮSEM) of 1,534.0 Ϯ 160.5 and 45,596.7 Ϯ 4,298.6, respectively. However, the purpose of sorghum was to provide a well-documented check in the study, thus data are presented here, but not considered in the analysis among switchgrass populations.
No signiÞcant differences were measured among switchgrass populations for the relative rankings of damage ratings in the second leaf stage for S. graminum (screen 1 damage: F ϭ 1.00; df ϭ 3, 35; P ϭ 0.4061). However, in the Þfth leaf stage, Kanlow was found to have a signiÞcantly lower damage rating ranking than all other switchgrass populations (screen 2 damage: F ϭ 5.25; df ϭ 3, 33; P ϭ 0.0045). The low damage rating for Kanlow in the Þfth leaf stage is consistent with the very low CAD, relative to all other switchgrass populations. Although not statistically signiÞcant, Kanlow also had the lowest mean damage rating for S. graminum in the second leaf stage screen. Further, Kanlow was the only population to have consistently low values for both damage ratings and CAD in both leaf stages, suggesting that Kanlow may have resistance, speciÞcally antibiosis, to S. graminum relative to Summer, KϫS, and SϫK.
Based on the damage ratings, both SϫK and KϫS were determined to be moderately resistant (MR) to S. graminum in the second and Þfth leaf stages (Table  2) . Kanlow was moderately resistant in the second leaf stage; however, in the Þfth leaf stage, it was the only population to show strong resistance to damage and was characterized as highly resistant (HR). Summer was the only switchgrass population to be characterized as moderately susceptible (MS), with a damage rating (ϮSEM) of 3.10 Ϯ 0.41 in the second leaf stage. However, in the Þfth leaf stage, Summer was classiÞed as moderately resistant (MR). In general, none of the switchgrass populations sustained high degrees of injury from S. graminum infestations, with damage being fairly moderate. Conversely, the sorghum check received very high damage ratings, with a mean rating of 5.0 in both developmental stages.
Screening Studies 3 and 4. SigniÞcant differences were found among switchgrass populations for CAD and damage ratings in both second and Þfth leaf screens for S. flava (Table 3 ; screen 3 CAD: F ϭ 5.44; df ϭ 3, 34; P ϭ 0.0036; screen 3 damage: F ϭ 18.72; df ϭ 3, 34; P Ͻ 0.0001; screen 4 CAD: F ϭ 6.69; df ϭ 3, 34; P ϭ 0.0011; screen 4 damage: F ϭ 9.73; df ϭ 3, 34; P Ͻ 0.0001). However, the relative ranking of the populations was not consistent for either parameter between screens. Although not signiÞcantly different from Treatment means within the same column followed by the same letter indicate no signiÞcant differences (P Ͼ 0.05), LSD test. a Damage ratings based on 1Ð5 scale, where 1 ϭ 10% or less of the leaf area damaged; 2 ϭ 11Ð30% of the leaf area damaged; 3 ϭ 31Ð50% of the leaf area damaged; 4 ϭ 51Ð70% of the leaf area damaged; and 5 ϭ 71% or more of the leaf area damaged and the plant near death (Heng-Moss et al. 2002) .
b Nonparametric analyses were performed for all damage ratings, using a ranks-based procedure. Relative rankings of damage ratings for S. flava on both leaf stages of switchgrass were signiÞcant, with trends generally following the same pattern as CAD. At the second leaf stage, SϫK and Summer showed the most damage, with ratings (ϮSEM) of 4.80 Ϯ 0.20 and 4.56 Ϯ 0.18, respectively, though Summer was not signiÞcantly different from KϫS either. Similarly, in the Þfth leaf stage, damage ratings were greatest for Summer, being the only population to exhibit a mean damage rating (ϮSEM) over three, at 3.94 Ϯ 0.24. Conversely, SϫK had more moderate damage in the Þfth leaf stage, along with KϫS. While not signiÞcantly different from SϫK, once again, Kanlow showed the least damage with a mean rating (ϮSEM) of 2.00 Ϯ 0.25.
Generally, the damage observed for S. flava on all switchgrass populations was much greater than damage resulting from S. graminum infestations, with a few exceptions, as evidenced by the ratings. Damage ratings for S. flava resulted in Summer, SϫK, and KϫS all being characterized as susceptible (HS, HS, and MS, respectively) when infested in the second leaf stage (Table 3) . However, in the Þfth leaf stage, only Summer was characterized as susceptible (MS), while Kanlow, KϫS, and SϫK were all moderately resistant (MR).
Barley had higher CAD values in both developmental stages than was observed in switchgrass with S. flava. In the second and Þfth leaf stage screen, barley had a CAD (ϮSEM) of 1,281.2 Ϯ 161.2 and 2,530.8 Ϯ 727.2, respectively. Further, mean damage ratings (ϮSEM) for S. flava on the second and Þfth leaf stages of barley was 3.22 Ϯ 0.28 and 3.39 Ϯ 0.44, respectively. As with sorghum in screens 1 and 2, barley served as the check for S. flava; however, the data are not considered in the analysis among switchgrasses.
Screening Studies 5, 6, 7, and 8 . Although attempts were made to establish R. padi and D. noxia on the selected switchgrass populations, efforts were not successful using either whole plants or clip cages. In the clip cage evaluations for D. noxia (screens 5 and 6), evaluations showed no aphid survival on any of the switchgrass populations, at both developmental stages, and no obvious indication of reproduction having occurred. Similarly, the clip cage evaluation for R. padi with switchgrass in the Þfth leaf stage (screen 8) again showed all aphids were dead among all four switchgrass populations with little to no reproduction having occurred. The only exception was for R. padi on second-leaf stage switchgrass (screen 7), with moderate survival noted in a few cases. In screen 7, low to moderate R. padi survival was documented on only two Kanlow replications (4.0 Ϯ 3.0 aphids), one KϫS replication (5 aphids), four SϫK replications (3.3 Ϯ 0.8 aphids), and four Summer replications (4.8 Ϯ 1.8 aphids). However, some reproduction did occur in screen 7, with over two-thirds of the surviving aphids being early instar nymphs. Furthermore, no injury was observed to any of the switchgrasses within the clip cage for both aphids and plant developmental stages. However, both aphids did survive and reproduce on barley in both developmental stages. R. padi produced aphid densities (ϮSEM) of 101.3 Ϯ 6.6 and 44.6 Ϯ 5.5 aphids per cage in the early and late developmental stage, respectively. Similarly, D. noxia produced aphid Treatment means within the same column followed by the same letter indicate no signiÞcant differences (P Ͼ 0.05), LSD test. a Damage ratings based on 1Ð5 scale, where 1 ϭ 10% or less of the leaf area damaged; 2 ϭ 11Ð30% of the leaf area damaged; 3 ϭ 31Ð50% of the leaf area damaged; 4 ϭ 51Ð70% of the leaf area damaged; and 5 ϭ 71% or more of the leaf area damaged and the plant near death (Heng-Moss et al. 2002) .
b Nonparametric analyses were performed for all damage ratings, using a ranks-based procedure.
densities (ϮSEM) of 75.1 Ϯ 8.1 and 56.5 Ϯ 12.6 aphids per cage in the respective stages. Thus, when compared with aphid numbers documented on barley using the same methods, it was determined that none of the switchgrass populations in this study were suitable reproductive or feeding hosts for R. padi and D. noxia (data not presented).
Discussion
In total, eight screening studies were completed to evaluate switchgrass for resistance to four species of aphids. Switchgrass was determined not to be a suitable feeding and reproductive host for R. padi and D. noxia. Interestingly, Burd et al. (2012) documented the establishment of cereal aphids on four switchgrass cultivars (including Kanlow), and noted that R. padi was able to successfully colonize 2-wk-old switchgrass cultivars; however, at 4 wk, R. padi was either unable or less successful at colonizing the same switchgrasses. Although Burd et al. (2012) did not report speciÞc developmental stages for the switchgrasses, the clear difference in colonization between 2-and 4-wk-old switchgrass indicates that the developmental stage may play an important role in host suitability for R. padi, and may help explain the discrepancy between the Þndings of Burd et al. (2012) and this study for R. padi.
Although these switchgrasses were not found to be a suitable feeding and reproductive hosts for R. padi and D. noxia in this study, interesting results were discovered for S. graminum and S. flava. Kanlow demonstrated the greatest resistance across all screens for S. graminum and S. flava, consistently yielding low CAD and damage ratings. These data demonstrate that Kanlow possesses relatively strong resistance relative to the other three populations of switchgrass. Further, the overall low aphid fecundity and survival on Kanlow, measured by CAD, suggests that the category of resistance for Kanlow is antibiosis. Antibiosis is a category of resistance whereby some quality(s) possessed by a plant negatively affects the biology or life history of the insect (Smith 2005 , Dogramaci et al. 2007 .
KanlowÕs resistance is corroborated by the consistently low damage ratings. Based on damage ratings alone, Kanlow was classiÞed as moderately resistant to highly resistant across all screens. In addition, Kanlow was the only switchgrass population to be characterized as resistant in all evaluations. Although more explicit parameters were not quantiÞed for plant biomass yield in this study, previous works have shown that damage rating scales may provide insights into plant resistance, and thus may have a correlation to plant yield. Smith et al. (1994) noted several variations on visual rating scales and their application for determining host plant tolerance. Further, it is especially important to note the potential presence of multiplespecies resistance in Kanlow. According to Smith (2005) , multi-species resistance has traditionally been difÞcult to develop and identify; however, it provides many advantages and is much more economically and ecologically valuable. Consequently, this may make Kanlow an attractive candidate as development continues to pursue switchgrass genotypes with increased plant yield, particularly under biotic stress factors.
Summer was consistently one of the most susceptible populations of switchgrass tested, with the exception of the screen for S. graminum in the second leaf stage where its CAD was the lowest among all populations. However, in all other screens for S. graminum and S. flava, Summer routinely had large CAD values. In addition, Summer generally had the highest damage ratings recorded and was statistically signiÞ-cant among the highest rankings for damage ratings in each screen. The consistently high damage ratings for Summer may further help explain some of the inconsistent CAD values observed in Summer. SpeciÞcally, Summer often showed damage much faster and at much lower aphid densities than the other populations. Summer generally showed chlorosis, and in some cases tissue necrosis, and aphid populations suffered owing to a lack of healthy tissue for feeding. Because CAD integrates aphid population density over time, it may mask aphid accumulation rates (e.g., aphid density may have built up rapidly and then collapsed as a result). This was especially apparent with S. flava, which tended to cause more damage, quickly to all switchgrass populations screened. Another factor that undoubtedly contributed to some of the variation observed is the signiÞcant genetic diversity among the switchgrasses tested. Each population consists of multiple genotypes and, as a result, large variations may be anticipated.
Results from screens for both S. graminum and S. flava revealed KϫS generally had high CAD, yet moderate damage ratings. KϫS had Ͼ10-fold the CAD of all other populations for S. graminum in the second leaf stage; however, damage ratings in that screen were consistent with all switchgrass despite the signiÞcantly greater aphid pressure. Similarly, with S. flava, KϫS displayed CAD values statistically similar to the highest in each leaf stage. However, in both cases KϫS also had signiÞcantly lower rankings of damage ratings than the other populations with the largest CAD values, except for Summer in the second leaf stage which was not statistically different. These data suggest that tolerance may be present in KϫS, an important category of resistance to both S. graminum and S. flava.
There was no clear trend for SϫK. When infested with S. graminum, CAD values were relatively low in the second leaf stage, but high in the Þfth. Otherwise, for S. flava, SϫK had a relatively high CAD in the second leaf stage, however, a moderate to low CAD in the Þfth. Damage ratings for SϫK were relatively modest and were classiÞed as moderately resistant (MR) in all screens except with S. flava, infested at the second leaf stage. In that case, SϫK was classiÞed as highly susceptible (HS) with a mean damage rating (ϮSEM) of 4.80 Ϯ 0.20 and most plants nearing death.
The resistance of the KϫS and SϫK populations in relationship to their Summer and Kanlow parents indicate that they inherited some resistance to S. graminum and S. flava from their Kanlow parent. The re-sistance appears to be quantitative. There did not appear to be a distinct difference among the two experimental populations for insect resistance based on the female or cytoplasm source. Crosses between Summer and Kanlow plants are being made to improve cold tolerance of the resulting high yielding populations for use in the northern states of the United States where Kanlow is unadapted. These results indicate that there will also be some insect resistance beneÞts.
These studies provide valuable baseline information concerning the host suitability of switchgrass to potential aphid pests and the plantÐinsect interactions within a system that has been largely overlooked. Similar to the Þndings of Burd et al. (2012) , we were able to demonstrate with these studies that switchgrass is a suitable host for S. graminum (biotype I) and S. flava, which could become important pests under the right conditions. Previous studies had described switchgrass as an unsuitable feeding and reproductive host for S. graminum, although it is unknown what biotype(s) the author used (Kieckhefer 1984) . Burd et al. (2012) demonstrated that the biotype of S. graminum does appear to be important, regarding its virulence to switchgrass, as S. graminum (biotype E) was unable to colonize the switchgrasses tested at either 2 wk old or 4 wk old, while S. graminum (biotypes I and Florida) were able to use switchgrasses as a feeding and reproductive host. In addition, we were able to demonstrate that differential resistance is present among these four tetraploid switchgrass populations. In another study, differential resistance was also found among several octaploid switchgrass cultivars to S. frugiperda, with the cultivars ÔTrailblazerÕ and ÔBlack-wellÕ being the most resistant (Dowd and Johnson 2009) . The information gained here and in other studies will prove useful to more detailed analysis aimed at dissecting the mechanisms underlying the plantÐin-sect interactions within this system.
As with any cropping system, developing switchgrass into a sustainable bioenergy crop will require effective pest management strategies. Loss of biomass yield through insect damage has the potential to signiÞcantly impact the proÞtability and, ultimately, the long-term sustainability of switchgrass as a bioenergy crop. Further, getting ahead of the curve within this system is made even more critical, as biomass loss owing to insect damage could provide a serious setback to this nascent sector. This work helps to provide a foundation for the development of sustainable pest management strategies, by identifying differential resistance in switchgrass populations to two important aphid species. Plant resistance is an important form of control, and further research will be needed to identify potential new pests in switchgrass and explore both the categories of resistance as well as the mechanisms involved. Collectively, this will provide better understanding of plantÐinsect interactions and provide advanced guidance to deal with any emerging insect threats.
